This commentary focuses on the use of comics as resources for microbiology communication † These authors contributed equally to this work.
WHY WE NEED TO COMMUNICATE MICROBIOLOGY
The Golden Age of Microbiology, mainly attributed to the contributions of Louis Pasteur and Robert Koch, was a landmark in the field of microbiology, when the discipline blossomed. The causative agents of many infectious diseases were identified and society started gaining awareness of microorganisms due to their association with disease (Blevins and Bronze 2010; Berche 2012) . The discovery of penicillin by Alexander Fleming and its industrial production posed another landmark, and antibiotics gave society its so desperately needed solution (Bentley 2005; Kardos and Demain 2013) . Unfortunately, the misuse of antimicrobial drugs in human and veterinary clinics for decades led to what is now recognized as the challenge of the 21st century to health security: antimicrobial resistance (O'Neill 2016) . If current trends are maintained, a mortality of 10 million people and a cost of US$100 trillion is projected for 2050 due to multidrug-resistant infections (Tacconelli et al. 2017 (Tacconelli et al. , 2018 .
To complicate the panorama even more, we are facing a vaccine hesitancy movement. Despite the fact that immunization is probably the most successful public health measure taken to date, its effectiveness and importance in preventing and spreading diseases are being questioned (Callender 2016; Lane et al. 2018) . In this context, the perspective of human health is compromised, and many illnesses eradicated for decades like measles and diphtheria are re-emerging (Lane et al. 2018) .
This brings us back to the heading. Why do we need to communicate microbiology? As microbiologists, we are committed to society and the microbiological problems we are facing. Considering the aforementioned, we need to communicate microbiology so the public can really comprehend the massive impact that antimicrobial resistance and immunization declination has in our lives and on our futures. However, microbiologists cannot take on this endeavor alone. As discussed by Timmins et al. (2019) , microbiology literacy should start as early as in kindergarten and should address topics beyond human wellbeing. We need to put microbiology onto our society´s agenda, which is certainly a challenging task. It is necessary to debunk certain preconceptions about microorganisms (Byrne, Grace and Hanley 2009; Karadon and Ş ahin 2010; Byrne 2011; Dominguez et al. 2018; Ruiz-Gallardo and Paños 2018) and to stress their importance in our lives and in every ecosystem.
To contribute to the microbiology literacy of our society we need to explore every available resource in order to communicate the discipline in a clear and appealing way. The use of comics/cartoons is one such resource.
WHY COMICS?
Comics present a story sequentially by using text and images, their popularity mainly being due to their high visual literacy and small amount of text (Trnová, Trna and Vacek 2013) . They succeed because they are popular/approachable, motivating, visual, permanent and intermediary (Yang 2008; Collver and Weitkamp 2018) . Permanent in the sense that the pace at which information is incorporated is determined by the reader (Yang 2008; Collver and Weitkamp 2018) ; intermediary in the sense that they work really well in effectively transmitting hard or difficult concepts (Yang 2008) . Apart from their visuals and narrative, metaphors are frequently used; the potential benefits of all these attributes in science communication were recently reviewed by Farinella (2018) . Humor and exaggeration are also trademarks in comics. In the context of science communication, anthropomorphization is an interesting attribute to use as it has a relevant role in facilitating learning of abstract concepts (Dorion 2011) and is particularly helpful for children to explain their ideas about the microbial world (Byrne, Grace and Hanley 2009) . Science comics, defined by Tatalovic (2009) as those deliberately intended to educate the reader, use all these attributes to effectively engage the reader and communicate scientific knowledge while entertaining at the same time. Many authors have addressed the potential benefits of comics as educational resources (Tatalovic 2009; Trnová, Trna and Vacek 2013; Shurkin 2015; Koutníková 2017; Wiegerová and Navrátilová 2017; Farinella 2018 ) and many others have reported the use of comics in the teaching of different scientific subjects (Grootens-Wiegers et al. 2015; Özdemir 2017a,b; Affeldt 2018; Morel et al. 2019) . Apart from being an excellent resource to communicate difficult concepts (Yang 2008; Farinella 2018) , comics are particularly useful to explain objects and events that are beyond human perception (Jee and Anggoro 2012), a huge challenge when it comes to microbiology communication.
WHAT IS OUT THERE? ONLINE MICROBIOLOGY COMICS
There are many freely available comics online suitable for addressing different microbiology topics (Diamond et al. 2012 Landsberger and Serpe 2018; Peruzzo and Rodriguez Juele 2018) . We choose to focus on three of them that address the hot topics mentioned above: antimicrobial resistance and vaccination.
In the comic strip 'Vaccines work: here are the facts' by Maki Naro (2014) , the author concisely and efficiently addresses the history of vaccines, their effectiveness, their importance to human health, and also makes an excellent discourse about how misinformation led to the rise of the vaccine hesitation movement. The author uses humor and exaggeration to go from Edward Jenner, milkmaids and smallpox, to Andrew Wakefield and misconceptions about the safety of vaccines. The target audience of this comic is mainly adults. It is written in simple words, being easily understandable by anyone not having a microbiology/immunology background. In addition, comic strips about ebola and measles written by Naro can be found at https: //medium.com/@sciencecomic. 'Bacteria, the tiniest story ever told' by Peruzzo and Rodriguez Juele (2018) is a beautifully illustrated comic book that communicates the complexity of the microbial world. The authors use anthropomorphization to depict microbes while maintaining some of their characteristic features, like shape and size. Humor is extensively used, mainly between the two main characters, who play the roles of grumpy and erudite. The book covers in detail the origins of antimicrobial resistance, explaining how microbes achieve horizontal gene transfer and the role of this mechanism in resistance acquisition. It also depicts how antibiotics affect not only pathogenic bacteria but also the gut microbiota, discouraging their use unless prescribed by a professional. Although the comic is aimed at children aged 10-12 years, it is gripping for those of all ages. It was originally published in Spanish; however, an English version of the script can be found in the work of Morel et al. (2019) . The comic is freely available for download at https://www.comicbacterias.com/.
The comic book 'Microbes: the good, the bad, the ugly' (Dr. Biology 2014) also uses anthropomorphization but in this case with a huge degree of personification to depict the good guys, Escherichia coli and Lactobacillus, which are part of the human gut microbiota and play the role of deputies in charge of keeping the bad guys out. This 10-page story takes place in the human body and succeeds really well in explaining several microbiology concepts such as human microbiota, infection, antibiotics and probiotics, and the use of nanotechnology and bacteriophages to fight diseases. The comic also includes hyperlinks that allow the reader to access detailed information regarding not only the story and the characters but also general concepts.
These and many more resources for microbiology communication are available on the internet. However, if the subject to communicate is more specific, one can always be creative and make their own comic. As with any other educational/communicational resource, when designing comic strips we should consider the audience we are aiming at as crucial.
DO NOT PANIC: INNOVATE BY CREATING YOUR OWN COMIC
There is no doubt that the generation of high quality microbiology comics involves a multidisciplinary team of microbiologists, educators, script-writers, illustrators and, of course, investors willing to fund it. However, when considering comic strips, concept cartoons and even simple and short comic books, not only experienced illustrators can make them (Barber 2011 ). McDermott et al. (2018 published several guidelines to convince more scientists that drawing their own comics is feasible, while Friesen et al. (2018) gave step-by-step instructions on how to conceptualize and design comics based on scientific publications. In the context of presenting science-related topics, a growing number of reports show the positive effect that creating comics have on student learning (Caruso and De Freitas 2009; Lazarinis et al. 2015; Barbosa, Tavares and Kruta 2017; Barros et al. 2017; Partelli et al. 2018) .
There is a substantial amount of resources to put comic making into practice. Lazarinis et al. (2015) performed a structured evaluation of many comic strip creators and used them for developing educational comics. Some examples are the popular Make Beliefs Comix (https://www.makebeliefscomix.com/), extensively reviewed by Wisenthal (Wisenthal 2016 (Wisenthal , 2017a , the intuitive and easy-to-use Pixton (https://www.pixton.com/), evaluated by Cabrera et al. (2018) , or Comic Life (http://comiclif e.com/), examined by Wissman and Costello (2014) . In addition, Strip Generator (http://stripgenerator.com/), Storyboard That (ht tps://www.storyboardthat.com/), Comic Creator by Read Write Think (http://www.readwritethink.org/) and many others can be used. Most of the comic strip creator programs offer customizable templates, which might not include in their repertoire the image one requires. Nevertheless, as with the many examples mentioned in the previous section, even humans or everyday objects can be used to play the role of a microorganism.
There is no doubt that drawing cartoons is a fun experience for students, teachers and scientists. Even if one does not know how to draw, this should not be a barrier to communicate microbiology through the creation of comics. We prepared two examples to motivate the reader, one using a comic strip creator program ( Fig. 1 ) and the other one using PowerPoint (Microsoft Corporation, Washington, USA) (Fig. 2) .
FUTURE PERSPECTIVES
Evaluating the effect of microbiology communication strategies is not always straightforward. As outlined by Fischhoff (2018) , sometimes the outcomes of science communication are not easy to measure. What about microbiology comics? To our knowledge, information regarding the effectiveness of microbiology comics in education is absent. Even when science comics in general are considered, their effectiveness in knowledge acquisition and/or engagement with science remains poorly studied (Hosler and Boomer 2011; Jee and Anggoro 2012; Spiegel et al. 2013; Farinella 2018; Matuk et al. 2019) .
Many authors, including ourselves, consider that comics are an interesting and helpful tool for microbiology communication. For this not to be just a hunch, we have to generate more resources, we have to make them publicly available and, most importantly, we have to evaluate their effectiveness in microbiology communication. Efforts should be made in this regard.
